Abstract The work presented in this paper is focused on the effect of photochemical (H 2 O 2 /UV-C) pretreatment on COD fractionation and degradation kinetics of a non-ionic textile surfactant. In the first part of the study, the COD of non-ionic surfactant was adjusted to 1000 mg/L in order to simulate real effluent originating from the textile preparation stage featuring desizing, scouring, washing and rinsing operations. The surfactant was subjected to H 2 O 2 /UV-C pretreatment for up to 120 min at a dose of 30 mM (980 mg/L) H 2 O 2 . The biodegradability studies for untreated and photochemically treated samples were evaluated on the basis of modeling of oxygen uptake rate (OUR) profiles. Modelling of OUR profiles conducted for untreated sample showed that single complex substrate was subjected to enzymatic breakdown and disintegrated into one readily and two types of slowly biodegradable substrates. After modelling the biodegradation of photochemically pretreated sample, the readily biodegradable COD fraction was reduced, on the other hand, more slowly biodegradable organics were generated. A higher disintegration rate was obtained for chemically pretreated samples. However, other kinetic constants of growth and hydrolysis processes were not affected considerably.
Introduction
Surfactants are one of the most common xenobiotics present in numerous municipal and industrial wastewaters. During the last decade, the amounts of surfactants in the environment have been growing with the increase in the use of synthetic detergents for both industrial and domestic requirements. The increasing use of non-ionic surfactants may be attributed to their efficient detergent performance, which is not affected by water hardness, and, in most cases, to their low toxicity (Broze, 1999; Mezzanotte et al., 2003) . Surfactants generally constitute one of the major chemical oxygen demand fractions in textile wastewater (Knutzen and Wenzel, 1996) , and non-ionic surfactants are commonly used in textile preparation stage (scouring, washing and mercerising), to remove impurities from the fabric and prepare them for the proceeding dyeing process. They are applied at high doses and remain in the exhausted process effluent, contributing to at least 30% of the total COD load of the final dye-house effluent. Removal efficiency of surfactants from wastewaters by conventional physical and biological treatment methods is widely variable. In most cases, advanced treatment is needed to cope, not only with discharge limits, but also with environmental problems created in surface waters by even very low doses of remaining surfactants (Mezzanotte et al., 2003) . Commercial surfactants are highly water soluble, slowly biodegradable with a residual portion and even biotoxic. These characteristics usually qualify wastewaters containing these surfactants potential candidates for photochemical, oxidative pretreatment, the most studied and established one being the H 2 O 2 /UV-C advanced oxidation process (Patoczka and Pulliam, 1990; Legrini et al., 1993; Poole, 2004) .
Biological degradation of surfactants occurs in multiple steps, probably requiring a sequence of different enzymatic or metabolic activities (Carvalho et al., 2001 (Carvalho et al., , 2002 . Respirometry is successfully applied for the evaluation of the fate of similar compounds and wastewaters (Arslan Alaton et al., 2006a, b) . It offers well established tools for the identification of organic fractions with different biodegradation characteristics in wastewater for the assessment of the appropriate values of coefficients defining process kinetics and stoichiometry (Ekama et al., 1986; Cokgor et al., 1998; Sozen et al., 1998) and for model calibration of experimental data defining the response of activated sludge in wastewater treatment (Spanjers and Vanrolleghem, 1995; Vanrolleghem et al., 1999; Insel et al., 2002) .
The main objective of the study is to provide a model interpretation for the biodegradation and COD fractionation of a commercial grade non-ionic textile surfactant formulation, which is frequently being applied for the washing of textile fabric prior to the mercerising and dyeing stage. It also intends to offer a basis for comparative evaluation, emphasising the effect of photochemical (H 2 O 2 /UV-C) pre-treatment on COD breakdown and resulting treatability characteristics.
Material and methods
The textile surfactant formulation
The surfactant (a colourless, highly water soluble and opaque liquid; active ingredient: Alky polyethylene glycol ether and 90% biodegradable according to OECD test method) preparation was kindly provided by a local dye house and used as received. Aqueous solutions of the tested chemical were prepared in Milli-Q (18 MV cm and less than 0.1 mg/L DOC) water. The non-ionic textile surfactant mixture is frequently being used in the textile preparation stage and is available in the form of a commercial grade formulation. However, its exact content (chemical purity, molecular weight, type and concentration of additives) was strictly confidential (unknown) to the end user.
Photochemical pretreatment experiments
The H 2 O 2 -UV advanced oxidation experiments were performed close to the original pH of the surfactant formulation at pH 9.1 and an initial H 2 O 2 dose of 30 mM for up to 120 min. The initial pH and H 2 O 2 dose were selected considering actual conditions of the textile preparation stage (i.e. pH ¼ 9-11 and 500-1,500 mg/L H 2 O 2 used for fabric bleaching) as well as preliminary optimisation experiments that have indicated that partial oxidation (target COD removal of photochemical pre-treatment was around 50%) of textile surfactants can be achieved at pH , 11 and H 2 O 2 doses around half of the stoichiometric COD equivalent (stoichiometric requirement ¼ 60 mM) (Arslan-Alaton et al., 2006a, b) . The pH and ionic strength of the treated samples was not controlled during irradiation. The irradiation set-up was a batch stainless steel photo reactor with a 40 W low pressure, mercury vapour sterilisation lamp that was located at the centre of the reactor in a quartz glass envelope. The incident light flux of the UV lamp at 253.7 nm was confirmed via H 2 O 2 actinometry (Nicole et al., 1990) by employing the molibdate-catalysed iodometric method (Horwitz, 1980) during the course of reaction.
Biological treatability experiment
Two fill-and-draw activated sludge reactors feeding with untreated and photochemically pretreated surfactant (COD contribution ¼ 500 mg/L) and glucose (COD contribution ¼ 500 mg/L) solutions, making up a total initial COD of 1,000 mg/L were operated. The optimised photochemical pretreatment conditions were established as follows; irradiation time ¼ 120 min; initial H 2 O 2 ¼ 30 mM (1,020 mg/L); initial pH ¼ 9.1^0.1 for an initial COD of 930 mg/L (^35 mg/L) aqueous untreated, nonionic surfactant solution. During the acclimation stage, a hydraulic retention time of 24 h and a sludge retention time of 15 days were selected to obtain a good biotreatment peformance. At the end of the acclimation period an average steady-state MLVSS (mixed liquor volatile suspended solids) concentration of 2365^200 mg/L (untreated) and 2360^120 (pre-treated) was reached corresponding to an initial substrate to biomass concentration ratio (S o /X o ) of 0.43 gCOD·(gMLVSS) 21 in both bioreactors. Dissolved oxygen concentration and temperature in the biological treatment experiments were kept at a minimum of 3 mg/L and constant at 20 8C, respectively. The bioreactors were also periodically spiked with appropriate amounts of so-called solutions "A" and "B" (applied dose ¼ 10 mL of Solutions A and B per 1,000 mg/L COD) in order to rule out the effects of nutrient-limited conditions and to buffer the reactors for possible pH variations (O'Connor, 1972) . In order to confirm that the bioreactors operated well throughout the biodegradability experiments, their COD, pH and MLVSS contents of both bioreactors were monitored daily.
Respirometric tests were conducted with acclimated biomass seeding alone to obtain the endogenous oxygen uptake rate (OUR) level of the biomass. A nitrification inhibitor (Formula 2533e, Hach Company) was added to the reactors to prevent any possible interference induced by nitrification during the respirometric tests. Samples with a foodto-microorganisms (So/Xo) ratio of 0.43 mg COD mg MLVSS 21 day 21 were added to the reactor and the OUR data was continuously monitored. OUR measurements were performed with an Applitek Ra-Combo continuous-mode respirometer. Model simulations and parameter estimations were carried out using the AQUASIM software program developed by Reichert et al. (1998) . The model parameters and initial states were estimated according to Insel et al. (2002 Insel et al. ( , 2003 . The soluble inert COD fractions of the untreated and photochemically pretreated surfactant formulation were determined using the glucose comparison method developed by Germirli et al. (1991) .
Analytical methods
Sample aliquots were collected against photochemical treatment time for up to 120 min and analysed for COD by the closed reflux titrimetric method according to a procedure described in ISO 6060 (1986 
Results and discussion
Photochemical pretreatment experiment
In the first part of the study the COD of non-ionic surfactant was elevated to 1,000 mg/L in order to simulate real effluent originating from the textile preparation stage (desizing, scouring, washing and rinsing). From Figure 1 it is evident that the COD of the textile surfactant solution decreased at a continuous mode throughout the whole irradiation period and COD abatement followed in three different kinetic stages; i.e. fast oxidation of high molecular-weight groupings (ethoxy-polymers) during the first 20 min, followed by a second stage where preliminary oxidation intermediates were broken down to lowmolecular weight compounds (mainly carboxylic acids), and a final (mineralisation) stage where photochemical oxidation products are degraded at a much slower rate. After 120 min treatment, approximately 50% COD removal was achieved as anticipated for the applied oxidant dose, accompanied with complete H 2 O 2 consumption. As was expected and aimed for pretreatment (partial oxidation) with an AOP, the TOC content of the surfactant decreased rather slowly (Poole, 2004) and COD abatement was accompanied with 40% reduction in TOC (data not shown).
Biological treatability experiment
Biological treatability studies were performed with untreated and photochemically pre-treated non-ionic textile surfactant effluents supplemented with glucose in a COD ratio of 50%. The reactors were identically operated at a sludge age of 15 days and a hydraulic retention time (HRT) of 1 day, at S o /X o ratio of 0.43 mg COD/mg VSS.day. It should be noted that total initial COD concentration around 1,000 mg/L was maintaned for a period of 3 months. It was observed that there was a 15% reduction in the biological removal efficiency for photochemically pre-treated non-ionic textile surfactant effluents compared to untreated non-ionic textile surfactant effluents (Figure 2 ).
Modelling for biodegradation and COD fractionation
The evaluation mainly consisted of modelling of the OUR profiles obtained from shortterm respirometric tests, together with the corresponding COD data. The respirometric test reactors were initially seeded with biomass taken from acclimation bioreactors continuously operated at steady state and fed with untreated and pre-treated wastewaters.
Untreated surfactant formulation. The OUR profile obtained for the non-ionic surfactant spike (at time, t ¼ 0) with no pre-treatment provides the clues for the rational basis of the appropriate model structure. Figure 3 gives this profile together with a theoretical one derived with ASM1 (Henze et al., 1987) for domestic sewage, basically indicating that the immediate growth response of the theoretical curve due to utilisation of readily biodegradable substrate (S S ) is shifted in time with a delay of around 2 hours. This calls for the existence of a preliminary rate-limiting step. The nature and composition of the surfactant formulations is unknown due to commercial restrictions. However, it should essentially involve a long chain polymer with different radicals, as explained in the advanced oxidation tests. Accordingly, it may be regarded as a single complex substrate, S C , which will be initially subjected to enzymatic entrapment and breakdown to readily and slowly biodegradable COD components. The hump at the OUR profile after 6 hours ( Figure 3) can be explained as the sequential degradation of the slowly biodegradable COD components, and hence, two different COD fractions with different (and slow) hydrolysis rates. Models incorporating dual hydrolysis were previously defined and tested for domestic sewage and industrial wastewaters (Orhon et al., , 1999 . Therefore, the model was structured to include, as shown in Table 1 , an initial enzymatic entrapment and disintegration process, breaking down S C into S S , S H1 and S H2 . The rest of the model has the same characteristics of ASM1 modified for endogenous decay (Orhon et al., 1995) .
Model simulation provides a perfect match with the OUR profile, as illustrated in Figure 4a . Model calibration yields a meaningful interpretation of the experimental respirometric data, both in terms of COD fractionation -ie. model components of substrate -and process kinetics. The significant results of calibration, given in detail in Table 2 , may be summarised as follows: (i) it identifies COD components, S S together with two hydrolysable COD fractions S H1 and S H2 with totally different kinetics; (ii) it justifies enzymatic breakdown, a relatively fast process, still rate limiting for S S utilisation; it defines the hydrolysis of the two COD components as very slow processes compared to domestic sewage and even some industrial wastewaters. Simulation of the measured (filtered) COD profile also shows a good agreement (Figure 4b) , except for the discrepancy reflecting the absence of S S in the bulk. This suggests that readily biodegradable COD formed by enzymatic breakdown undergoes biosorption; S S once formed, appears to be enzymatically entrapped and not released back to solution before being used up for biomass growth. This mechanism was previously observed for starch and similar substrates (Carvalho et al., 2002; Karahan et al., 2006) . Pretreated surfactant formulation. The effect of advanced oxidation in terms of the nature of generated by-products is largely unknown and therefore quite difficult to translate into a workable model structure. Accordingly, a number of preliminary iterations had to be performed on model alternatives with feedback from data calibration before final evaluation. Exact simulation and calibration of the related OUR profile could be achieved as shown in Figure 5a , with the following main results: (i) chemical breakdown by advanced oxidation generates four COD groups with different biodegradation characteristics, i.e. readily biodegradable COD together with three additional more complex hydrolysable COD fractions, S HOR and S OH1 , S OH2 ; (ii) compared to enzymatic breakdown of the untreated substrate, the level S S is significantly reduced with a corresponding increase in the concentration of S OH2 , associated with the slowest hydrolysis rate (iii) basically similar kinetics applies after pretreatment (approximately same values for model coefficients), except for the additional S HOR Table 2 , which leads to the conclusion that advanced oxidation by H 2 O 2 /UV at the selected dose and operating conditions, exerts a negative effect overall on the biodegradation of the surfactant formulation by generating a different COD profile with slower biodegradation characteristics.
Conclusions
This study defined a new model which could successfully interpret the biodegradation mechanism and kinetics of a surfactant formulation with an initial step of enzymatic breakdown/biosorption step, followed by sub-fragmentation of the initial complex organic matter into one readily biodegradable and two slowly biodegradable COD fractions having different degradation kinetics. The hydrolysis of the two slowly biodegradable fractions, being much slower compared to domestic sewage and industrial wastewaters, accounts for the difficulty in the biodegradation of the surfactant. Pretreatment employing an advanced photochemical oxidation process (H 2 O 2 /UV-C) at optimised operating conditions generated a new COD fingerprint with less readily biodegradable and more slowly biodegradable COD fractions through chemical breakdown. Unfortunately, photochemical pretreatment of the surfactant had an adverse effect on biological treatment. Additional studies are strongly recommended to further explore the nature of integrated and mere chemical and biochemical breakdown of the complex surfactant structure. It is also advisable to test a wider range of advanced chemical oxidation conditions for effective combined treatment.
